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target-control-section calculating unit calculating a target
control section, which is indicated by a start point and an end
point of the corner control 1n a current electrical discharge
machining during the finish machining, based on a machining
parameter; an actual-control-section calculating unit correct-
ing the start point and the end point of the corner control,
which are indicated 1n the target control section calculated by
the target-control-section calculating unit, and calculating an
actual control section, based on a magnitude of a shape error
of the corner portion in a previous electrical discharge
machining during the finish machining; and a speed control-
ling unit controlling the feed speed of the wire such that an
amount ol machiming per unit time 1n the actual control sec-
tion becomes equal to that when a portion other than the
corner portion 1s machined.
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WIRE ELECTRICAL DISCHARGE
MACHINING APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a National Stage of International Appli-
cation No. PCT/JP2012/050399, filed on Jan. 11, 2012, the

contents of which are incorporated herein by reference 1n
their entirety.

FIELD

The present invention relates to a wire electrical discharge
machining apparatus.

BACKGROUND

In conventional technologies, it 1s assumed that shape
errors 1n a corner portion occur due to the detlection of the
wire and measures, such as adjusting the discharge power,
increasing the tension, using dwell, and performing trajectory
control, to correct the deflection of the wire, are taken 1n order
to reduce the detlection of the wire during corner machining,
as a method of improving the rough machining corner accu-
racy (see Patent Literatures 1 and 2).

Moreover, as a method of improving the corner accuracy
during finish machiming, there are a method (see Patent Lait-
eratures 3 and 4) i which speed control 1s performed 1n
accordance with the change of the amount of machining 1n the
corner portion and a method (see Patent Literature 5) in which
the change of the amount of machining 1s estimated before the
corner portion 1s machined and a correction 1s made for the
change of the side surface gap of the wire electrode 1n the
corner portion on the basis of the estimation result.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Laid-open
No. S58-114823

Patent Literature 2: Japanese Patent Application Laid-open
No. S58-120428

Patent Literature 3: Japanese Patent Application Laid-open
No. S63-229228

Patent Literature 4: Japanese Patent Application Laid-open
No. H06-1263536

Patent Literature 5: Japanese Patent Application Laid-open
No. 2004-148472

SUMMARY
Technical Problem

However, during rough machining, the detlection of the
wire during corner machining cannot be completely elimi-
nated; therefore, 1t 1s difficult to machine the workpiece such
that corners are machined with no shape error from the upper
surtace to the lower surface.

The out sharp edge comers (acute angle that 1s outwardly
convex) are allected the most by the deflection of the wire and
shape errors occur easily 1n the out sharp edge corners. In the
corner control during finish machining in the conventional
technologies, with regard to the out-sharp-edge-cormer con-
trol section, the corner control section 1s not definitely 1ndi-
cated. Moreover, even when the corner control section 1s
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indicated, the control section 1s calculated on the premise that
a shape error does not occur despite the fact that the shape
error actually occurs in rough machining. Consequently,
there 1s a problem 1n that a shape error occurs even if the
corner control 1n the conventional technologies 1s used at the
time of finish machining.

The present mvention has been achieved 1 view of the
above and an object of the present invention 1s to obtain a wire
clectrical discharge machining apparatus capable of realizing
highly accurate out-sharp-edge-corner control.

Solution to Problem

In order to solve the above problems and achieve the object,
the present invention 1s a wire electrical discharge machining
apparatus that performs electrical discharge machining
between a wire and a workpiece a plurality of times while
performing corner control 1n which a feed speed of the wire
when a corner portion 1s machined in fimsh machining 1s
made higher than that when a portion other than the corner
portion 1s machined, including a target-control-section calcu-
lating unit that calculates a target control section, which 1s
indicated by a start point and an end point of the corner
control 1n a current electrical discharge machining during the
finish machinming, on a basis of a machining parameter; an
actual-control-section calculating unit that corrects the start
point and the end point of the comer control, which are
indicated in the target control section calculated by the target-
control-section calculating unit, and calculates an actual con-
trol section, on a basis of a magnitude of a shape error of the
corner portion in a previous electrical discharge machining
during the finish machining; and a speed controlling unit that
controls the feed speed of the wire such that an amount of
machining per unit time in the actual control section becomes
equal to that when a portion other than the corner portion 1s
machined.

Advantageous Effects of Invention

The wire electrical discharge machining apparatus accord-
ing to the present invention has an effect that out sharp edge
corners can be machined with high accuracy.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram illustrating the configuration of a first
embodiment of a wire electrical discharge machining appa-
ratus according to the present mvention.

FI1G. 2 1s a diagram 1llustrating the functional configuration
of an NC control device according to the first embodiment.

FIG. 3 1s a diagram 1llustrating one example of a corner
control section 1n an out-sharp-edge-corner portion machined
by a typical wire electrical discharge machining apparatus.

FIG. 4 A 1s adiagram illustrating one example of out-sharp-
edge-corner control performed by a typical wire electrical
discharge machining apparatus.

FIG. 4B 1s a diagram 1llustrating one example of the out-
sharp-edge-comer control performed by the typical wire elec-
trical discharge machining apparatus.

FIG. 4C 1s a diagram 1illustrating one example of the out-
sharp-edge-corner control performed by the typical wire elec-
trical discharge machining apparatus.

FIG. 4D 1s a diagram 1illustrating one example of the out-
sharp-edge-corner control performed by the typical wire elec-
trical discharge machining apparatus.

FIG. 5 1s a diagram illustrating the positional relationship
among wire central positions A to E.
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FIG. 6 A 1s a diagram 1llustrating the relationship between
the amount of movement and the amount of removal during

machining 1n a typical wire electrical discharge machining,
apparatus.

FIG. 6B 1s a diagram 1llustrating the relationship between
the amount of movement and the machining speed 1n the
typical wire electrical discharge machining apparatus.

FIG. 7 1s a diagram 1illustrating one example of a corner
control section 1n an out-sharp-edge-corner portion machined
by the wire electrical discharge machining apparatus accord-
ing to the first embodiment.

FIG. 8A 15 a diagram illustrating the relationship between
the amount of movement and the amount of removal during
machining 1n the wire electrical discharge machining appa-
ratus according to the first embodiment.

FIG. 8B 1s a diagram 1llustrating the relationship between
the amount of movement and the machining speed in the wire
clectrical discharge machining apparatus according to the
first embodiment.

FIG. 9 1s a diagram 1llustrating the movement of the wire
when the out sharp edge corner 1s machined.

FIG. 10 1s a flowchart illustrating the tlow of the operation
performed by the wire electrical discharge machining appa-
ratus according to the first embodiment.

FIG. 11 1s a diagram 1llustrating corner errors of the wire
clectrical discharge machining apparatus according to the
first embodiment and a typical wire electrical discharge
machining apparatus.

FI1G. 12 1s a diagram illustrating the configuration of an NC
control device according to a second embodiment.

FIG. 13A 1s a diagram illustrating the relationship between
the machining energy and the corner error distance obtained
by experiment.

FI1G. 13B 1s a diagram 1illustrating the relationship between
the machining energy and the corner error distance obtained
by experiment.

FIG. 14 A 15 a diagram illustrating the relationship between
the wire tension and the corner error distance obtained by
experiment.

FI1G. 14B 1s a diagram 1illustrating the relationship between
the wire tension and the corner error distance obtained by
experiment.

FI1G. 15 1s a flowchart 1llustrating the flow of the operation
performed by a wire electrical discharge machining apparatus
according to the second embodiment.

FI1G. 16 1s a diagram 1llustrating the configuration of an NC
control device according to a third embodiment.

FI1G. 17 1s a flowchart 1llustrating the tlow of the operation
performed by a wire electrical discharge machining apparatus
according to the third embodiment.

FIG. 18A 15 a diagram illustrating the relationship between
the nozzle gap and the corner error distance obtained by
experiment.

FI1G. 18B 1s a diagram 1illustrating the relationship between
the nozzle gap and the corner error distance obtained by
experiment.

DESCRIPTION OF EMBODIMENTS

Exemplary embodiments of a wire electrical discharge
machining apparatus according to the present imnvention will

be explained below 1n detail with reference to the drawings.
This mnvention 1s not limited to the embodiments.

First Embodiment.

FIG. 1 1s a diagram 1llustrating the configuration of a first
embodiment of a wire electrical discharge machining appa-
ratus according to the present invention. The wire electrical

5

10

15

20

25

30

35

40

45

50

55

60

65

4

discharge machining apparatus includes a wire 1, a table 3, a
machining power supply 4, an interelectrode detection circuit
5, a servo motor 6, a servo amplifier 7, an NC control device
8, a tension applying mechanism 9, a wire bobbin 10, a wire
travelling device 11, a wire collecting container 12, and
machining tluid nozzles 13a and 135. In finish machining,
when the corner portion of a workpiece 2 1s machined, the
wire electrical discharge machiming apparatus according to
the first embodiment performs electrical discharge machining,
a plurality of times between the wire 1 and the workpiece 2
while performing the corner control of controlling the
machining feed speed of the wire 1 such that the amount of
machining per unit time becomes constant.

The table 3 moves the workpiece 2 1n a fixed manner. The
interelectrode detection circuit 5 detects the average inter-
clectrode voltage during machiming. The servo motor 6 drives
the table 3. The servo amplifier 7 controls the driving of the
servo motor 6. The NC control device 8 performs control,
such as table feeding during machining, in accordance with
the NC program.

A machining current 1s supplied between the wire 1 and the
workpiece 2 by the machining power supply 4 and then an
clectrical discharge occurs between the wire 1 and the work-
piece 2, whereby machiming advances. At this point, the
workpiece 2 can be machined into a desired shape by driving
the table 3 1n accordance with the NC program stored in the
NC control device 8 1n advance. Specifically, the servo ampli-
fier 7 drives the servo motor 6 1n accordance with the speed
signal from the NC control device 8 and the workpiece 2 1s
moved, whereby machining advances.

The moving speed during machining 1s changed depending
on the interelectrode state. Specifically, when the gap
between the electrodes 1s large, the moving speed 1s increased
and, when the gap between the electrodes 1s small, the moving
speed 1s reduced; therefore, the wire 1 and the workpiece 2
can be prevented from coming into contact with each other
and thus optimum machiming can be performed. Because the
gap distance during machining can be determined on the basis
of the average voltage during machining, typically, the mov-
ing speed 1s controlled such that the average interelectrode
voltage matches a predetermined target value.

FIG. 2 1s a diagram 1llustrating the functional configuration
of the NC control device 8 according to the first embodiment.
The NC control device 8 includes a machining-advancing-
direction determining unit 81, a target-control-section calcu-
lating unit 82, an actual-control-section calculating unit 83,
an actual-control-section storing unit 84, a control-section
determining unit 85, a corner-control-speed calculating unit
86, and a speed controlling unit 87. The machining-advanc-
ing-direction determining unit 81 determines the machining
direction when an out sharp edge corner 1s machined 1n accor-
dance with the NC program. The target-control-section cal-
culating unit 82 calculates a control section, which 1s similar
to that 1n a typical wire electrical discharge machining appa-
ratus, as a target control section. The target control section 1s
a control section 1n the corner control when 1t 1s assumed that
a shape error does not occur 1n the previous electrical dis-
charge machining during finish machining. The actual-con-
trol-section calculating unit 83 calculates a control section in
which a corner error 1s taken 1nto consideration as an actual
control section. The target control section and the actual
control section will be described 1n detail later. The actual-
control-section storing unit 84 stores therein the actual con-
trol section calculated by the actual-control-section calculat-
ing unit 83. The control-section determiming unit 85
determines 1n accordance with the NC program whether the
wire 1 has entered the actual control section at the time of
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machining the out sharp edge corner. The comer-control-
speed calculating unit 86 calculates the moving speed of the
wire 1 such that the amount of machining per unit time
becomes constant 1n the control section.

Before explaining the corner control performed 1n the out-
sharp-edge-corner portion by the wire electrical discharge
machining apparatus according to the first embodiment, an
explanation will be made of the corner control performed 1n
the out-sharp-edge-corner portion by a typical wire electrical
discharge machining apparatus. FIG. 3 1s a diagram 1llustrat-
ing one example of the corner control section 1n the out-sharp-
edge-corner portion machined by the typical wire electrical
discharge machining apparatus. The typical wire electrical
discharge machining apparatus calculates a section between
wire central positions A and E as the control section on the
premise that a shape error does not occur 1n rough machining
or in the previous electrical discharge machining during finish
machining and then performs machining speed control 1n this
section. In other words, the wire 1 1s moved along a trajectory
77 of the wire central position that 1s set such that a region 78,
in which a discharge gap surface 71 and a pre-machined
surtace 72 overlap with each other, 1s formed. Accordingly, a
machined surface 76 1s formed on the workpiece 2 along the
discharge gap surface 71.

FI1G. 4A to FIG. 4D are diagrams illustrating one example
of the out-sharp-edge-corner control performed by a typical
wire electrical discharge machining apparatus. The amount of
machining in the out sharp edge comer 1s constant until the
wire central position A 1s reached at the time of linear machin-
ing; however, after passing the wire central position A, the
region 78, 1n which the discharge gap surface 71 and the
pre-machined surface 72 overlap with each other, decreases
and therefore the amount of machining decreases (FI1G. 4A).
At the wire central position B, the discharge gap surface 71
and the pre-machined surface 72 enters a non-overlapping
state and therefore the amount of machining becomes zero
(F1G. 4B). Furthermore, because the discharge gap surface 71
and the pre-machined surface 72 do not overlap with each
other until the wire central position C (direction turning
point) 1s reached, the amount of machining remains constant
at zero. Even after the advancing direction changes, the dis-
charge gap surface 71 and the pre-machined surface 72 do not
overlap with each other until a wire central position D 1s
reached; therefore, the amount of machining remains zero
(FIG. 4C). After passing the wire central position D, the
discharge gap surface 71 and the pre-machined surface 72
start overlapping with each other again and the region 78, 1n
which the discharge gap surface 71 and the pre-machined
surtace 72 overlap with each other, 1s generated; therefore, the
amount of machining gradually increases and returns to the
amount of machining at the time of linear machining at the
wire central position E (FIG. 4D).

FIG. 5 1s a diagram 1illustrating the positional relationship
among the wire central positions A to E. As 1llustrated in FIG.
5, 1n the case where the wire radius 1s r, the discharge gap 1s h,
the machining allowance 1s s, the angle of the out sharp edge
corner (angle of the corner formed by the machined surface
76)1s 0, and the angle formed by a straight line 75 connecting
an 1ntersection 73 of the discharge gap surface 71, whose
radius 1s the wire diameter+discharge gap (r+h), and the pre-
machined surface 72 and a wire central position 74 and the
pre-machined surface 72 1s ¢, when the wire radius r, the
discharge gap h, the machining allowance s, the angle 0 of the
out sharp edge corner, and the angle o formed by the straight
line 75 connecting the intersection 73 of the discharge gap
surtace 71, whose radius 1s the wire diameter+discharge gap
(r+h), and the pre-machined surface 72 and the wire central
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position 74 and the pre-machined surface 72 are used as
machining parameters, sections L , o, L, . L., and L, .
between the respective wire central positions A and B, B and
C, C and D, and D and E on the trajectory 77 of the wire
central position can be represented by the following Equa-
tions (1) to (4) on the basis of the machining parameters.
Typically, L, and L ;_ are referred to as preceding sections
and L_,,) and L, ., are referred to as following sections.

r+h—s s

(1)

AYE T Ttane tanf
; s r+h—s (2)
P27 tang 0
2
r+ h (3)
Lep = 9-<MLE
t —_
)
r+h—s S 4)
Lpg = -

tany  tanf

FIG. 6 A and FIG. 6B are diagrams illustrating the machin-
ing conditions of a typical wire electrical discharge machin-
ing apparatus. FIG. 6A 1illustrates the relationship between
the amount of movement and the amount of removal during
machining and FIG. 6B illustrates the relationship between
the amount of movement and the machlnmg speed. Even 1n
the corner portion (section between the wire central positions
A and E) i which the necessary amount of removal
decreases, i the machining speed 1s controlled 1n a similar
manner to that in the linear portion, machining 1s performed
excessively and therefore a shape error occurs. In order to
prevent this, 1t 1s necessary to control the machining speed
such that the amount of machiming per unit time becomes
equivalent to that 1n the linear portion. Specifically, as 1llus-
trated 1n FIG. 6B, 1n the section between the wire central
positions A and B, the machining speed 1s increased with a
decrease 1n the amount of machining and, in the section
between the wire central positions B and C and the section
between the wire central positions C and D, although the
amount of machining 1s zero, the machiming speed 1s con-
trolled so as to be a predetermined machining speed so that
the machining speed can be immediately reduced 1n the sec-
tion between the wire central positions D and E. Speed con-
trol 1s performed such that, 1n the section between the wire
central positions D and E, the machining speed 1s reduced
with an increase in the amount of machimng and, in the
section after the wire central position E, the machining speed
1s returned to a machining speed similar to that 1n the section
betore the wire central position A.

In the wire electrical discharge machining, the workpiece 2
1s located between the portions that support the wire 1 at the
upper and lower positions. When the workpiece 2 1s
machined, the workpiece 2 1s locally melted and moreover a
machining fluid around the workpiece 2 1s vaporized and
exploded by the thermal energy due to the electrical dis-
charge. Due to the explosion, the wire 1 receives an external
force and 1s deflected. The programmed machining trajectory
1s a trajectory of the point at which the wire 1 1s supported and
the wire 1 deviates from the programmed machining trajec-
tory at least 1n a portion other than the support point due to the
deflection of the wire 1. Because the workpiece 2 1s located
between the portions that support the wire 1, the workpiece 2
1s machined by the wire 1 that has deviated from the pro-
grammed machining trajectory due to the detlection.
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In the case of linear machining, the wire 1 1s deflected
backward or obliquely backward with respect to the machin-
ing advancing direction. Consequently, a shape error due to
the detlection of the wire 1 occurs backward or obliquely
backward; however, because the machining advancing direc-
tion does not change, a shape error uniformly occurs back-
ward or obliquely backward. Therefore, the shape error can
be corrected, for example, by adjusting the offset and thus the
shape error does not become a major problem.

However, 1n the case of corner machining, the direction in
which the machining advances changes; therefore, when the
machining advancing direction changes, the trajectory of the
deflected wire 1 takes a shortcut without passing the apex of
the corner because the wire 1 1s deflected 1n a direction that 1s
backward or obliquely backward 1n relation to the machining
advancing direction. Thus, a shape error does not occur 1n a
uniform direction, which 1s problematic.

FI1G. 7 1s a diagram 1llustrating one example of the corner
control section 1n the out-sharp-edge-comer portion
machined by the wire electrical discharge machining appara-
tus according to the first embodiment. As described above, in
the actual out sharp edge corner, a shape error (hereinafter,
referred to as a corner error) 31 occurs; therefore, the amount
of machining starts changing not when the wire 1 reaches the
wire central position A 1n FIG. 3 but when the wire 1 reaches
a wire central position A' in FIG. 7. In other words, in the
actual machining, the machining surtace on which the corner
error 31 has occurred in rough machining or 1n the previous
clectrical discharge machining during finish machining 1s
machined; therefore, in the conventional corner control sec-
tion, the amount of machining per unit time does not become
constant 1n the section corresponding to the section between
the wire central position A' in FIG. 7 and the wire central
position A 1 FIG. 3 and thus the comer error 31 further
occurs. Accordingly, the finishing accuracy of the out-sharp-
edge-corner portion can be improved by performing speed
control such that the amount of machining becomes constant
in the accurate corner control section between A' and E
(actual control section), which 1s calculated 1n consideration
of the corner error 31.

FIG. 8 A and FIG. 8B are diagrams 1llustrating the machin-
ing conditions of the wire electrical discharge machining
apparatus according to the first embodiment. FIG. 8A 1llus-
trates the relationship between the amount of movement and
the amount of removal during machining and FIG. 8B illus-
trates the relationship between the amount of movement and
the machiming speed. The wire electrical discharge machin-
ing apparatus according to the first embodiment accurately
calculates the position from which the amount of removal
during machining starts changing by taking a shape error into
consideration and performs speed control such that the
amount of machining per unit time becomes constant as 1llus-
trated 1n FIG. 8A and FIG. 8B 1n the actual control section
starting from the above position, thereby realizing highly
accurate out-sharp-edge-corner machining.

FIG. 9 15 a diagram 1llustrating the movement of the wire
when the out sharp edge corner 1s machined. When the out
sharp edge corner 1s machined, the turning point of the
machining direction 1s the apex of the corner. When the wire
1 on a programmed machining trajectory 92 passes the apex
of the cormer, a trajectory 93 of the detlected wire 1 takes a
shortcut without passing the apex of the comer as illustrated
in FIG. 9; therefore, a discharge gap surface 91 passes the
inner side of the wire 1 1n the corner portion and the corner
error occurs. Consequently, there are distances over which
corner errors L, and L, occur in two directions in linear
machining from the apex of the corner. The actual control
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section 1s the control section 1n which the corner errors are
taken 1nto consideration, and highly accurate out-sharp-edge-
corner machining can be realized by performing speed con-
trol such that the amount of machining becomes constant in
this section.

In order to obtain the actual control section by using the
actual-control-section calculating umit 83 and perform speed
control such that the amount of machining becomes constant
in this section, the NC control device 8 performs the follow-
Ing operation.

FIG. 10 1s a lowchart 1llustrating the tflow of the operation
performed by the wire electrical discharge machining appa-
ratus according to the first embodiment. In the present
embodiment, a field to which corner error distances are input
1s provided and corner error distances are specified, whereby
the actual control section obtained by adding or subtracting
the corner error distances to or from the target control section,
which 1s similar to the conventional control section, 1s stored
and speed control 1s performed such that the amount of
machining becomes constant in the stored actual control sec-
tion, thereby realizing highly accurate out-sharp-edge-corner
machining.

Specifically, the user first performs machining of the out-
sharp-edge-corner shape without using the corner control and
measures the corner error distances L, and L, that are headed
in two directions, which are linear machining directions, from
the apex of the out sharp edge corner for each electrical
discharge machining during finish machining. The corner
error distances L, and L, are defined such that L, 1s the corner
error distance that occurs on the entry side of the out sharp
edge corner 1n finish machining and L, 1s the corner error that
occurs on the exit side of the out sharp edge corner 1n finish
machining. The corner error distances L, and L, measured in
such a manner are input to the input field before the out-sharp-
edge-corner machining (Step S101).

Next, the machining-advancing-direction determining unit
81 determines the machining advancing direction (Step
S5102). Furthermore, the target-control-section calculating
unit 82 calculates the target control section by the calculation
similar to that for the conventional control section (Step
S103). The calculation 1s performed by the target-control-
section calculating unit 82 1n a similar manner to the case of
calculating the control section 1n a typical wire electrical
discharge machining apparatus, and well-known methods can
be used for the calculation. Then, the actual-control-section
calculating unit 83 calculates the actual control section, 1n
which the corner errors L, and L, are taken into consideration,
on the basis of the corner errors L, and L, and the target
control section (Step S104). In other words, the target control
section 1s corrected on the basis of the starting point and the
end point ol the corner control and the corner errors L, and L,.

I the measured corner error distances L, and L, are the
machining result of the previous electrical discharge machin-
ing during finish machining, when the next electrical dis-
charge machining 1s performed in the machining advancing
direction as illustrated 1n FIG. 9, the amount of machining
starts changing at a position that 1s L, before the direction
turning point (apex of the corner); therefore, the actual con-
trol section until the wire central position C 1s a distance
obtained by adding L, to the target control sections L. ,_, and
L, _~. Moreover, with regard to the distance until the amount
of machining after passing the wire central position C returns
to the amount of machining in the linear portion, because the
target control section L ~_, becomes slightly longer due to L.,
L .z becomes shorter by the same amount; however, the sum
of L. ,and L ,,_.1s substantially unchanged. Moreover, when
the next electrical discharge machining 1s performed 1n a
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direction opposite to that in FIG. 9, the actual control section
becomes a distance obtained by adding L., to L, ;and L, _...
Accordingly, the comer error distance to be added to or sub-
tracted from the target control section changes depending on
whether the machining advancing direction 1s 1n the same
direction as or the opposite direction to that i the previous
clectrical discharge machining; therefore, the actual-control-
section calculating unit 83 calculates the actual control sec-
tion after the machining advancing direction 1s determined by
the machiming-advancing-direction determining unit 81.

The actual control section when machiming the corner por-
tion can be calculated by the following Equations (5) to (8). In
Equations (5) to (8), s represents a machining allowance 1n a
similar manner to Equations (1) to (4).

J_ L (5)
Ly p=Lap +L1(1 _ ?)
J, L; (6)
Lp-c=Lp-c+—
2 (7)
Le_p=Lcp+ 2
12 (8)

Li)—E — LQ_E + ?

When the machining advancing direction 1s the same as the
previous machining direction, the actual-control-section cal-
culating unit 83 performs a calculation after switching [, and
L., 1n Equations (5) to (8). In other words, the actual-control-
section calculating unit 83 uses L, for calculating the preced-
ing sections of the actual control section and uses L., for
calculating the following sections of the actual control sec-
tion.

The accurate control section calculated by using Equations
(5) to (8) described above 1s stored in the actual-control-
section storing unit 84 (Step S103), the corner-control-speed
calculating unit 86 calculates the control speed with which
the amount of machining becomes constant as illustrated in
FIG. 8A and FIG. 8B in accordance with the control distance
(Step S106), and finish machining 1s performed. During finish
machining, the control-section determining unit 85 deter-
mines whether machining has reached the actual control sec-
tion stored 1n the actual-control-section storing unit 84, 1.¢.,
whether machining 1s being performed 1n the control section
of the out sharp edge (Step S107). When the control-section
determining unit 835 determines that machining has reached
the stored actual control section (Yes 1n Step S107), the speed
controlling unit 87 controls the feed speed of the wire 1 (Step
S108). Accordingly, a highly accurate out sharp edge corner
can be realized. When the control-section determining unit 85
determines that machining has not reached the actual control
section stored in the actual-control-section storing unit 84
(No 1n Step S107), the process returns to Step S107 and 1t 1s
repeated to determine whether machining has reached the
actual control section stored in the actual-control-section
storing unit 84.

FIG. 11 1s a diagram 1llustrating the corner errors of the
wire electrical discharge machining apparatus according to
the first embodiment and a typical wire electrical discharge
machining apparatus. The horizontal axis indicates the num-
ber of times fimsh machining is performed. In the first finish
machining, the corner control on the basis of the previous
machining result cannot be performed because the previous
machining 1s rough machining; therefore, the corner error 1s
of the same degree as that of the typical wire electrical dis-
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charge machining apparatus. However, from the second and
subsequent finish machinings, the corner control on the basis
ol the previous machiming result can be performed; therefore,
the comer error of the wire electrical discharge machining
apparatus according to the first embodiment becomes smaller
than the corner error of the conventional wire electrical dis-
charge machinming apparatus.

According to the first embodiment, the actual control sec-
tion 1s calculated on the basis of the corner errors that occur in
the previous electrical discharge machining during finish
machining and speed control 1s performed such that the
amount of machining per unit time becomes constant in the
above section. Therefore, further highly accurate out-sharp-
edge-corner control can be realized. Accordingly, production
yields can be improved.

Second Embodiment.

The corner error changes 1n accordance with the content of
the machining conditions and the configuration, e.g., setting
of the machining energy and the wire tension. When the
machining energy 1s high, the discharge reaction force
increases and thus the detlection of the wire increases: there-
fore, the corner error distance also increases. Moreover, when
the wire tension 1s low, the amount of deflection of the wire
increases; therefore, the corner error distance also increases.
In order to examine this relationship, the relationship between
the machining energy and the corner error distance and the
relationship between the wire tension and the comner error
distance were obtained by experiment.

FIG. 12 1s a diagram 1llustrating the configuration of the
NC control device 8 according to the second embodiment. In
addition to the machining-advancing-direction determining
umt 81, the target-control-section calculating unit 82, the
actual-control-section calculating unit 83, the actual-control-
section storing unit 84, the control-section determining unit
85, the comer-control-speed calculating unit 86, and the
speed controlling umt 87, the NC control device 8 includes a
first-shape-error calculating unit 88 and a second-shape-error
calculating unit 89. The first-shape-error calculating unit 88
calculates the corner error distances (first shape errors) that
occur 1n the corner portion in accordance with the machining
energy 1n the electrical discharge machining. The second-
shape-error calculating unit 89 calculates the corner error
distances (second shape errors) that occur 1n the corner por-
tion 1n accordance with the wire tension.

In the experiment, workpieces of 10 mm, 20 mm, and 60
mm were prepared, the out sharp edge corners of the work-
pieces were machined, and the corner error distances L, and
L, at this point were measured. FIG. 13A and FIG. 13B are
diagrams 1llustrating the relationship between the machining
energy and the corner error distance obtained by experiment.
FIG. 14A and F1G. 14B are diagrams illustrating the relation-
ship between the wire tension and the corner error distance
obtained by experiment. On the basis of FIG. 13 A, FIG. 13B,
FIG. 14A, and FIG. 14B, a table 1s prepared from which
corner error distances (first shape errors)L_e, andL_e, dueto
the machining energy and corner error distances (second
shape errors) L_wt;, and L._wt, due to the wire tension are
obtained, and corner error distances L ,=L_e,+L_wt, and
L.=L_e,+L_wt, that occur in the previous electrical dis-
charge machining during finish machining are calculated
from the table in accordance with the machining conditions.
Moreover, the machining-advancing-direction determining
unit 81 determines the machining advancing direction that 1s
a feed direction of the wire 1n the next electrical discharge
machining. When electrical discharge machiming during fin-
1sh machiming 1s performed using the machining conditions
described above, the actual-control-section calculating unit
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83 calculates the accurate control section 1n the next electrical
discharge machining obtained by adding or subtracting the
corner error distances to or from the target control section
pre-calculated as a control distance. In the calculated actual

control section, the control speed with which the amount of 5

machining becomes constant 1n each control section 1s calcu-
lated. When the control-section determining unit 85 deter-
mines that the section 1s the control section of the out sharp
edge corner, the speed controlling unit 87 performs speed
control. Accordingly, the wire electrical discharge machine 1in
the present embodiment realizes highly accurate out-sharp-
edge-corner machining.

FIG. 15 1s a flowchart illustrating the flow of the operation
performed by the wire electrical discharge machining appa-
ratus according to the second embodiment. The first-shape-
error calculating unit 88 and the second-shape-error calculat-
ing unmt 89 calculate the corner error distances,_¢, andL_e,
due to the machining energy and the corner error distances
L._wt, and L_wt, due to the wire tension on the basis of the
table (Steps S131 and S132).

The operations 1 Steps S133 to S139 are similar to the
operations 1n Steps S102 to S108 1n the first embodiment.
However, 1n the process i Step S133, the actual-control-
section calculating umit 83 calculates the corner error dis-
tances L,=L_e,+L_wt, and L,=L_e,+L_wt, that occur in the
previous electrical discharge machining during finish
machining 1n accordance with the machining conditions and
calculates the actual control section by adding or subtracting
the corner error distances to or from the target control section.

In the present embodiment, highly accurate out-sharp-
edge-corner machining can be realized 1n accordance with the
magnitudes of the machining energy and the wire tension.

Third Embodiment.

The wire electrical discharge machining i1s performed
under various states from the state in which the upper and
lower nozzles and the workpiece are close to each other such
that the gap (hereinaiter, referred to as nozzle gap) therebe-
tween 1s about 0.1 mm to the state 1n which the upper and
lower nozzles and the workpiece are apart from each other
such that the nozzle gap 1s tens of millimeters. The distance 1n
which the wire 1s constrained increases as the nozzle gap
increases; therefore, the deflection of the wire increases and
thus the corner error distance also increases. Accordingly, 1t 1s
necessary to calculate the control section by using the corner
error distances 1n accordance with the state of the nozzle gap
and perform speed control in the above section. Therefore, 1n
the third embodiment, the corner error distances 1n accor-
dance with the nozzle gap are obtained.

FIG. 16 1s a diagram 1llustrating the configuration of the
NC control device 8 according to the third embodiment. In
addition to the machining-advancing-direction determining
unit 81, the target-control-section calculating unit 82, the
actual-control-section calculating unit 83, the actual-control-
section storing unit 84, the control-section determining unit
85, the comer-control-speed calculating unit 86, the speed
controlling unit 87, the first-shape-error calculating unit 88,
and the second-shape-error calculating unit 89, the NC con-
trol device 8 includes a third-shape-error calculating unit 61,
a workpiece-height-position detecting unit 62, a nozzle inter-
val detecting unit 63, a workpiece thickness calculating unit
64, and a nozzle gap calculating unit 65. The workpiece
thickness calculating unit 64 determines the position of the
workpiece 2 and calculates the thickness of the workpiece 2.
The nozzle gap calculating unit 65 calculates the nozzle gap.

FI1G. 17 1s a flowchart 1llustrating the tlow of the operation
performed by a wire electrical discharge machining apparatus
according to the third embodiment. First, the workpiece-
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height-postion detecting unit 62 determines the height posi-
tion of the workpiece (Step S1601). At this point, the height
position ol the workpiece 1s determined on the basis of the
difference or ratio between the upper and lower machining
fluid pressures by using the fact that the machining tluid
pressure of the nozzle on the side closer to the workpiece 2
becomes higher. Alternatively, 1t 1s possible to provide a func-
tion for the position of the workpiece 2 to be input by the user,
determine that the workpiece 1s located 1n the middle when
there 1s no mput, and perform control. Next, the nozzle inter-
val detecting unit 63 recognizes the upper-and-lower-nozzle
interval from the Z-axis height of the machine and the work-
piece thickness calculating unit 64 calculates the thickness t
of the workpiece from the machining conditions at the time of
rough machining (Step S1602). It 1s possible to use well-
known methods disclosed in Japanese Examined Patent
Application Publication No. H02-29453, Japanese Patent
Application Laid-open No. H9-290328, and the like for cal-
culating the thickness t of the workpiece. The nozzle gap
calculating unit 65 obtains the nozzle gap from the difference
between the upper-and-lower-nozzle interval and the thick-
ness ol the workpiece (Step S1603). Then, on the basis of the
table from which the corer error distances I._z, and L._z, due
to the nozzle gap are obtained from the relationship between
the nozzle gap and the corner error distance obtained in
advance by experiment, the third-shape-error calculating unit
61 calculates the corner error distances (third shape errors)
[._z, and L_z, that occur 1n the corner portion 1n accordance
with the nozzle gap 1n the previous electrical discharge
machining during finish machining (Step S1604). FIG. 18A
and FIG. 18B are diagrams illustrating the relationship
between the nozzle gap and the corner error distance obtained
by experiment.

The processes 1n Steps S1605 to S1613 are similar to those
in Steps S131 to S139 in the second embodiment. However, 1n
the process 1n Step S1609, the actual control section 1s cal-
culated 1n consideration of further the corner error distance
[._z due to the nozzle gap 1n addition to the second embodi-
ment. In other words, the corner error distances L,=L_¢e,+
Lwt,+L_z, and L,=L_e,+L._wt,+L._z, are calculated by
summing the corner error distances 1n the previous electrical
discharge machining during finish machining obtained on the
basis of the tables from the machining energy, the wire ten-
s10n, the nozzle gap 1n Steps S1604 to S1606, and the actual
control section 1s calculated by adding or subtracting the
corner error distances L, and L, to or from the target control
section that 1s pre-calculated in Step S1608.

In the present embodiment, because the corner error dis-
tances are calculated i1n consideration of the nozzle gap,
highly accurate out-sharp-edge-corner machining can be
realized.

INDUSTRIAL APPLICABILITY

As described above, the wire electrical discharge machin-
ing apparatus according to the present mnvention 1s useful 1n
that an out sharp edge corner can be machined with high
accuracy.

REFERENCE SIGNS LIST

1 wire

2 workpiece

3 table

4 machining power supply

5 interelectrode detection circuit
6 servo motor
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7 servo amplifier

8 NC control device

9 tension applying mechanism

10 wire bobbin

11 wire travelling device

12 wire collecting container

13a, 135 machining fluid nozzle

31 shape error (corner error)

61 third-shape-error calculating unit

62 workpiece-height-position detecting unit

63 nozzle interval detecting unit

64 workpiece thickness calculating unit

65 nozzle gap calculating unit

71, 91 discharge gap surtace

72 pre-machined surface

73 1ntersection

74 wire central position

75 straight line

76 machined surface

77 trajectory of wire central position

78 region in which discharge gap surface and pre-ma-
chined surface overlap with each other

81 machining-advancing-direction determining unit

82 target-control-section calculating unit

83 actual-control-section calculating unit

84 actual-control-section storing unit

85 control-section determining unit

86 corner-control-speed calculating unait

87 speed controlling unait

88 first-shape-error calculating unit

89 second-shape-error calculating unit

92 programmed machining trajectory

93 trajectory of wire

The mvention claimed 1s:

1. A wire electrical discharge machining apparatus that
performs electrical discharge machining between a wire and
a workpiece a plurality of times while performing corner
control 1n which a feed speed of the wire when a corner
portion of the workpiece 1s machined in finish machining 1s
made higher than that when a portion other than the corner
portion 1s machined, the apparatus comprising:

a target-control-section calculating unit that determines

that a shape error does not occur 1n the corner portion 1n

a previous electrical discharge machining and calculates
a target control section, which 1s indicated by a start
point and an end point of the corner control 1n a current
clectrical discharge machining during the finish machin-
ing, on a basis ol a machining parameter;

an actual-control-section calculating unit that measures a
magnitude of a shape error of the corner portion in a
previous electrical discharge machining during the fin-
1sh machining and corrects the start point and the end
point of the corner control, which are indicated 1n the
target control section calculated by the target-control-
section calculating unit, and calculates an actual control
section, on a basis of the measured magnitude of a shape
error; and

a speed controlling unit that controls the feed speed of the
wire such that an amount of machining per unit time in

5

10

15

20

25

30

35

40

45

50

55

14

the actual control section becomes equal to that when a
portion other than the corner portion 1s machined.
2. The wire electrical discharge machining apparatus e

according to claim 1, further comprising:

a first-shape-error calculating unit that calculates a first
shape error that occurs 1n the corer portion 1n accor-
dance with an energy of the electrical discharge machin-
ing; and

a second-shape-error calculating unit that calculates a sec-
ond shape error that occurs in the comer portion 1n
accordance with a tension of the wire, wherein

the actual-control-section calculating unit calculates a

magnitude of a shape error of the corner portion in a
previous electrical discharge machining during the fin-
ish machining by adding the first shape error and the
second shape error.

3. The wire electrical discharge machining apparatus

according to claim 2, further comprising:

a nozzle interval detecting unit that detects an interval
between nozzles:

a workpiece thickness calculating unit that detects a thick-
ness of the workpiece on a basis of a machining condi-
tion 1n a previous electrical discharge machining during
the finish machining;

a nozzle gap calculating unit that calculates a nozzle gap,
which 1s a gap between the nozzles and the workpiece,
on a basis of the interval between the nozzles and the
thickness of the workpiece;

a workpiece-height-position detecting unit that detects a
height position of the workpiece between the nozzles;
and

a third-shape-error detecting unit that calculates a third
shape error that occurs 1n the corner portion 1n accor-
dance with the nozzle gap and the height position of the
workpiece, wherein

the actual-control-section calculating unit calculates a
magnitude of a shape error of the corner portion in a
previous electrical discharge machining during the fin-
ish machining by further adding the third shape error
detected by the third-shape-error detecting unit 1n addi-
tion to the first shape error and the second shape error.

4. The wire electrical discharge machining apparatus

according to claim 2, further comprising a machining-ad-
vancing-direction determining unit that determines a machin-
ing advancing direction in the electrical discharge machining,
wherein
the actual-control-section calculating unit separately cal-
culates a magnitude of shape errors of the corner portion
before and aiter the wire passes an apex of the comer
portion in a previous electrical discharge machining dur-
ing the finish machining and calculates the actual control
section by adding or subtracting different shape errors to
or from portions before and after the wire passes the
apex of the corner portion in the target control section 1n
accordance with the machining advancing direction
determined by the machining-advancing-direction
determining unit.
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